Abstract. We describe a novel robotic endoscope system. It can be used to observe a wide area without moving or bending the endoscope. The system consists of a laparoscope with zoom facility and two wedge prisms at the tip. This new concept produces excellent characteristics as follows. Firstly, it can change the field of view even in a small space. Secondly, it is safe because it avoids the possibility of hitting internal organs. Finally, because it does not require a large mechanism for manipulation of the endoscope, it does not obstruct the surgeon's operation. During evaluation, we confirmed that the range of view and levels of image deformation were acceptable for clinical use.
Introduction
Endoscopic surgery is becoming increasingly popular as a form of minimally invasive surgery. In such surgery, smooth manipulation of the endoscope is essential. However, it is difficult for surgeons and camera assistants to manipulate the endoscope steadily and smoothly, because of the restricted space and degrees of freedom of movement, and because of limitations in hand-eye coordination.
Robotic endoscopic systems have the potential to solve these problems [1] [2] [3] . They can hold the endoscope steadily and the surgeon can exert remote control using a computer display. For these reasons, many robotic endoscopic systems have been developed. Most of them manipulate existing endoscopes, of which there are two types: rigid and flexible. Rigid endoscopes need to rotate the insertion point to observe a wide range of views, whereas flexible types rotate the tip of the endoscope to achieve the same end. Thus, to obtain a wide field of view a large operating area is required.
However, in endoscopic fields such as neurosurgery, where there is normally only a limited operating area, it is difficult to obtain a sufficiently wide field of view. It is therefore desirable to develop a new type of endoscope that can achieve a wide range of views without moving the endoscope itself.
There is a commercially available laparoscopic system that alters the field of view by trimming the field viewed by the laparoscope and moving the cutting tool area appropriately [4] . With this system, the surgeon can move the field of view without moving the endoscope. However, because the image uses only part of the whole, the quality is poor.
With this in mind, we propose a new type of robotic wide-view endoscope that does not require rotation or bending of the endoscope to move the field of view. This is clinically significant as it allows the surgeon to make extensive observations in a small space and is safe because it avoids the possibility of accidentally hitting organs.
In Section 2, we propose a design for a novel robotic endoscope, with wedge prisms for moving the field of view. Theoretical formulae for controlling the image are presented in Section 3. In Section 4, we validate the basic specification of this endoscope system.
System description

System requirements
To develop a first prototype of a wide-view endoscope system, we decided to focus on the rigid type laparoscope, since it is ubiquitous in minimally invasive surgery and provides high quality images.
The requirements of this system are as follows.
Movement of the laparoscopic view
In laparoscopic surgery, the laparoscope should be able to rotate around the insertion point and to move back and forth. Thus, the wide-view laparoscope should have at least two degrees of angular freedom and be able to zoom in and out. Sterilization
Because the tip of the endoscope is inserted in the abdomen, it needs to be sterilized. To achieve this, the mechanism must be simple.
High quality image
As for all medical endoscopes, the image quality must be good.
System description
To achieve the above requirements, we used two wedge prisms and a laparoscope with zoom capacity. Figure 1 depicts a wedge prism. It has a vertex angle of (θ w ) to bend the light axis θ d . The relationship between θ d and θ w is as follows:
where 'n' is the refractive index of the prism (Fig. 1a) . If the wedge prism is put in the tip of a laparoscope and rotated around its axis, the light axis turns around the axis with an angle of θ d (Fig. 1b) .
Another wedge prism that has the same wedge vertex angle (θ w ) as the first is mounted close behind the first (Fig. 1c) . When the two prisms are rotated around the light axis of the laparoscope, the light axis can bend to any direction in a cone. If the wedge vertex angle (θ w ) is small, the maximum angle of such bending is 2θ d (Fig. 1a) . Figure 2 shows the construction of the wide-view endoscope system. We used an automatic micro-zoom laparoscope (Shinko Optical Co. Ltd, Tokyo, Japan). It consists of a short (155-mm) laparoscope with one lens at its tip, an automatic zoom component and a charge coupled device (CCD) camera [5] . Two wedge prisms are mounted in the tip, and each prism is set on a sleeve. These two sleeves rotate independently around within the laparoscope, and are connected to motors by gears. The system is controlled by the surgeon, using a man-machine interface.
The wedge vertex angle of the wedge prism that we used was 18°8' and the light bending angle (θ d ) was 10°. Therefore, the system can bend the light axis in a cone with a vertex angle of 40°. In this mechanism, only two sleeves rotate within the laparoscope, so the mechanism can be simple and small, and yet can observe a wide range of view. Figure 3 shows a manual version of the wide-view endoscope. The diameter of the prism was 25 mm. We are constructing a smaller motorized prototype with a smaller (12-mm) prism. Figure 4a shows the coordinates and parameters we used. The wedge prism that is nearest the tip of the laparoscope is named Prism 1. The other prism is named Prism 2. Figure 4b shows a cross-section in the YZ plane. The origin is set at a node of the light axis and Prism 1. As we decided that positioning accuracy was not required for the final endoscopic image, we used approximate values for some parameters and we considered the optical model to be that of a simple pinhole camera model. The distance between the virtual screen and the focal point is Z f . The distance between the virtual screen and the origin is Z 1 and the distance between the virtual screen and the node is Z 2 . In this model, because of limited space in the abdomen, we assumed that all the targets were in the virtual screen plane. Figure 4b shows the refracting angle of each prism. For Prism 2, to simplify the formula, we assumed that the angle of incidence (equal to the refracting angle of Prism 1) was zero degrees [6] . The relation between the target point and the rotation angle of the prisms is shown in Fig. 4c . In the virtual screen, the reflected light axis of Prism 1 appears as a circle with a radius of R 1 . The reflected light beam of Prism 2 is a circle with a radius of R 2 .
Controlling the image
The reflected direction is decided by the rotation angle of each prism (θ 1 , θ 2 ). Therefore, the target point vector, p(Px, Py), was found as follows: p=r 1 +r 2 , where r 1 is a vector with length R 1 and an angle with the X axis of θ 1 , and r 2 is a vector with length R 2 and an angle with the X axis of θ 2.
The angle of each prism is calculated as follows (Fig. 4d) . 
Evaluation
Measurement of the range of view
Firstly, we measured the range of view of the endoscope. Figure 5 shows the arrangement of the experiment. The test screen was set 5.4 cm in front of the tip of the laparoscope. We measured the center points (the node of the light axis and the screen) of the highest, the lowest, and the extreme left and right views. As a result, the range of view was 41° in height and 39° in width. Figure 6 shows the highest and lowest endoscopic images of a life-size liver model. The liver model was set 7.5 cm in front of the tip. You can see that the surgeon can observe the almost whole liver by the wide-view endoscope. 
Evaluation of image deformation
We evaluated the image deformation caused by the prisms. Table 1 shows the ratio of the height to the width of a 5-mm square. We measured this for the highest, lowest, and extreme left and right images. For comparison, we measured the deformation of the periphery of the normal laparoscopic image. 
Discussion
In this system, the surgeon can move the field of view without rotating or bending the endoscope. Therefore, this system offers excellent advantages.
-It can move the field of view, even in a small space.
-It is completely safe because it also avoids the possibility of hitting organs.
-Because it does not require a large mechanism for moving the endoscope, it does not obstruct the surgeon's operation.
In the evaluation, we confirmed the wide range of movement of our system. Because the view angle of the laparoscope is 60°, we can observe a circle with a diameter of 17 cm when only 5 cm in front of the tip of the endoscope. By contrast, the ordinary laparoscope can only observe a circle of 5.6 cm without being moved. From this result, for most of the organs the whole structure can be observed without moving the endoscope. Therefore, we can say it has a sufficiently wide range for clinical use.
There was some deformation of the image. However, it was considered acceptable, because it was similar to that seen in the periphery of the ordinary laparoscopic image. Color aberration is also inevitable because of the prisms. These aberrations and deformations could be simply corrected by an image processing board.
Conclusions
We propose a new type of endoscope system that can allow observation over a wide angle and provide high quality images without moving the endoscope itself. This has great significance for future clinical use.
